Summary
This report presents findings from tests investigating the dissolution of simulated and radioactive Savannah River Site sludges with 4 wt % oxalic acid and mixtures of oxalic and citric acid previously recommended by a Russian team from the Khlopin Radium Institute and the Mining and Chemical Combine (MCC). Testing also included characterization of the simulated and radioactive waste sludges. Testing results showed the following:
• Dissolution of simulated HM and PUREX sludges with oxalic and citric acid mixtures at SRTC confirmed general trends reported previously by Russian testing.
• Unlike the previous Russian testing six sequential contacts of a mixture of oxalic acid citric acids at a 2:1 ratio (v/w) of acid to sludge did not produce complete dissolution of simulated HM and PUREX sludges.
• We observed that increased sludge dissolution occurred at a higher acid to sludge ratio, 50:1 (v/w), compared to the recommended ratio of 2:1 (v/w).
• We observed much lower dissolution of aluminum in a simulated HM sludge by sodium hydroxide leaching. We attribute the low aluminum dissolution in caustic to the high fraction of boehmite present in the simulated sludge.
• Dissolution of HLW sludges from Tank 8F (PUREX) and 12H (HM) with 4 wt % oxalic acid and oxalic/citric acid followed general trends observed with simulated sludges. The limited testing suggests that a mixture of oxalic and citric acids is more efficient for dissolving HM and PUREX sludges and provides a more homogeneous dissolution of HM sludge than oxalic acid alone.
• Dissolution of HLW sludges in oxalic and oxalic/citric acid mixtures produced residual sludge solids that measured at higher neutron poison to equivalent 235 U weight ratios than that in the untreated sludge solids. This finding suggests that residual solids do not present an increased nuclear criticality safety risk.
• Generally the neutron poison to equivalent 235 U weight ratios of the acid solutions containing dissolved sludge components are lower than those in the untreated sludge solids. We recommend that these results be evaluated further to determine if these solutions contain sufficient neutron poisons.
• We observed low general corrosion rates in tests in which carbon steel coupons were contacted with solutions of oxalic acid, citric acid and mixtures of oxalic and citric acids. Wall thinning can be minimized by maintaining short contact times with these acid solutions.
We recommend additional testing with oxalic and oxalic/citric acid mixtures to measure dissolution performance of sludges that have not been previously dried. This testing should include tests to clearly ascertain the effects of total acid strength and metal complexation on dissolution performance. Further work should also evaluate the downstream impacts of citric acid on the SRS High-Level Waste System (e.g., radiochemical separations in the Salt Waste Processing Facility and addition of organic carbon in the Saltstone and Defense Waste Processing facilities).
INTRODUCTION
The Department of Energy previously funded Russian organizations at the V. G. Khlopin Radium Institute (St. Petersburg) and the Mining and Chemical Combine (Zheleznorgorsk) to investigate chemical methods for the dissolution of SRS sludge wastes. 1 Based on this work, the Russian researchers recommended a solution consisting of oxalic and citric acids. Furthermore, the Russian researchers recommended that wastes high in aluminum first be contacted with a heated caustic solution. This caustic leach reduces the aluminum content in the sludge allowing more effective dissolution of other components by the oxalic and citric acids. The Russian investigators concluded that the oxalic acid and citric acid solution represented a viable means to dissolve simulated SRS high level waste sludges at conditions that pose minimal corrosion hazard for carbon steel and sufficiently uniform dissolution of fissile material and neutron poisons deemed necessary to maintain nuclear safety.
Subsequently, the Tanks Focus Area (TFA) funded Westinghouse Savannah River Company (WSRC) to conduct tests at the Savannah River Technology Center (SRTC) to confirm dissolution characteristics of oxalic and citric acid solutions with simulated and radioactive SRS sludges at the conditions recommended by the Russian team. 2 In addition to the recommended 2:1 volume ratio of acid solution to sludge slurry, we tested a higher acid: sludge ratio (50:1). The higher ratio represents a bounding condition expected during heel removal operations in SRS waste tanks. We evaluated effectiveness of the oxalic/citric acid mixtures by comparison with dissolution in 4 wt % oxalic acid. This concentration of oxalic acid was studied previously in support of the Tank 16H chemical cleaning process. 
EXPERIMENTAL

Preparation of Simulated Sludges
Tests used non-radioactive mixtures that simulate sludge wastes produced from the PUREX and the H Canyon-Modified PUREX (HM) separation processes. Both of these processes employ solvent extraction to separate plutonium and uranium from irradiated nuclear fuels. This process contacts tri-n-butyl phosphate, in a nonvolatile solvent, with a concentrated nitric acid solution containing plutonium, uranium, and other fission products. Plutonium and uranium extract into the organic phase, leaving the fission products in the aqueous phase. A modification of the PUREX process, referred to as the H-Canyon Modified PUREX or HM process separates nuclear fuels containing highly enriched uranium. 4 The process at the Savannah River Site discards fission products and chemical by-products from the separation processes into carbon steel waste tanks after adding concentrated sodium hydroxide to produce a highly alkaline waste suspension.
Tables 3.1 and 3.2 provide the chemical concentrations of the metals and oxyanions as well as a list of the chemical sources for the simulated PUREX and HM sludges, respectively. After dissolving each of these chemicals we added 50 wt % sodium hydroxide to bring the pH to >10.5. The addition of caustic precipitates the bulk of the metals as the respective metal hydroxides and hydrous oxides. We then heated the mixtures to boiling for 24 hours, followed by cooling to room temperature and storing in stoppered plastic bottles. Boiling for 24 hours provides some degree of ripening and crystallization of the precipitated solids. The degree of ripening and crystallization is not representative of that which sludge solids receive during storage in HLW tanks. Sludge solids in HLW tanks experience elevated temperatures for prolonged periods (months/years). Table 4 .2.4 provides the theoretical composition (wt %) of the sludge solids for both simulants. 
Archived HLW Sludge Samples
Radioactive testing utilized archived sludge samples from Tanks 8F (PUREX) and 12H (HM). These samples had previously been dried to remove free water and stored in stainless steel containers at the SRTC Shielded Cell facility. We received 160-gram sub-samples of each archived sludge material. We ground each sample in a mortar and pestle to a fine powder form and placed in a clean glass container. A representative sample was taken from the jar and prepared for analysis by two independent dissolution methods, sodium peroxide fusion and microwave digestion in triplicate. Analytical methods used to characterize the sludges included the following: (1) Inductively Coupled Plasma Emission Spectroscopy (ICP-ES), (2) Inductively Coupled Plasma-Mass Spectrometry (ICP-MS), (3) Atomic Absorption Spectroscopy (AA), (4) Gamma counting, (5) Alpha pulse height counting for plutonium after extraction using thenoyltriflouroacetone (PuTTA) and (6) gross alpha and beta counting. All samples prepared for the characterization analyses required an additional 50-fold dilution with 2 M nitric acid to reduce radiation levels for handling in radiohoods/radiobenches outside of the Shielded Cells facility. 
Oxalic and Citric Acid Solutions
Caustic Leaching Solution
Aluminum leaching of the simulated HM sludge featured a 2 M solution of sodium hydroxide prepared using reagent grade sodium hydroxide and deionized, distilled water.
Dissolution Tests with Simulated Sludges
Researchers employed two experimental methods to test the effectiveness of the oxalic acid citric acid solutions to dissolve simulated sludges. For the first set of tests, we placed a measured quantity of the simulated sludge slurry into a clean polypropylene centrifuge tube followed by the appropriate quantity of caustic solution or acid solution to provide a volume ratio of acid solution to the sludge slurry weight at 2:1 or 50:1. During contacts with the acid solutions, personnel measured the pH of the resultant mixture and added a small quantity of sodium hydroxide solution to adjust the initial pH to 4.2 as recommended by the Russian researchers. 1 We capped the tube and placed it into a New Brunswick Scientific C-24 incubator shaker set at 200 rpm and 60 °C. After agitating for 7 hours, we centrifuged each tube using a Marathon Centrifuge model 8K at 2500 rpm for 15 minutes and carefully pipetted off all of the supernatant liquid free of settled sludge solids.
At this point the supernatant liquid includes liquids arising from the original sludge slurry as well as those from the caustic and acid solutions. We submitted portions of the supernatant liquid for elemental analysis using inductively coupled plasma emission spectroscopy (ICP-ES). We repeated the process with fresh caustic or acid solutions until one of the following conditions occurred: (1) a total of 3 contacts with 2M sodium hydroxide solution and (2) a maximum of six acid solution contacts. After the six contacts with the oxalic/citric acid solution, we dried the remaining solids at 100 °C. We characterized the dried solids by X-ray diffraction (XRD) for identification of crystalline phases. The authors performed replicate tests for each sludge type.
The second experimental method featured a water wash (5-mL deionized water) between each sequential acid addition and the inclusion of tests using 4 wt % oxalic acid. In addition a seventh contact was added to observe if more acid additions would promote greater dissolution of the simulated sludge solids. We analyzed each contact solution for elemental composition using ICP-ES. From the elemental analysis and volume of each contact solution, we determined the quantity of the four principal metals (Fe, Al, Mn and Ni) in the sludge solids. Note that for Al, about 15 wt % of the total Al in the sludge slurry is dissolved in the supernate. Thus, the reported percentage of dissolved aluminum in the first contact with the simulated HM sludge includes the Al that is dissolved in the supernate.
Dissolution Tests with Radioactive Sludges
Dissolution tests with radioactive sludges followed a similar methodology as described in the section 3.5. We performed duplicate tests with each acid solution. We performed these tests at acid to sludge ratios on a volume to weight basis, either 2:1 or 50:1 (e.g., 20 mL of acid solution to 10 g of dried sludge). Also, we omitted the pH adjustment with all radioactive sludge testing after evaluating the feasibility to perform adjustments in actual HLW operations and concluding that such an adjustment would be impractical. The isolated acidic solutions from the dissolution tests required dilution with 2 M nitric acid to reduce the radioactivity for safe handling outside of the Shielded Cells facility. The diluted solutions were analyzed by ICP-MS for actinides and ICP-ES for a variety of elements.
Computation of Equivalent 235 U Content
To address the efficiency of the citric acid and oxalic acid solutions to dissolve both neutron poisons (Al, Fe, Mn, Ni and Na) and fissionable/fissile radioisotopes we calculated the weight ratio of each neutron poison to equivalent 235 U concentration in the acid solutions. We calculated the equivalent 235 U using the following equation from the ICP-MS results:
where each of the isotope concentrations is expressed in wt %.
Analytical Methods
Inductively coupled plasma emission spectrometry (ICP-ES) provided the determination of the elemental content in the solutions derived from the acid and caustic dissolution tests. Elemental analysis of the sludge solids followed dissolution by standard methods developed by the Analytical Development Section of SRTC for the dissolution of SRS HLW sludges. Cold Vapor Atomic Absorption Spectrometry provided the determination of mercury. X-Ray Diffraction (XRD) analysis identified the presence of crystalline phases in the sludge solids. XRD analysis was performed on dried solids separated from the liquid fraction of the slurry, washed with deionized distilled water and air dried at ambient laboratory temperature. XRD spectra provided in this report include color-coded diffraction pattern lines of known chemical substances that were identified by spectral fitting software to best represent the crystalline phases in the dried solids.
RESULTS AND DISCUSSION
Characterization of Simulated Sludges
Chemical and X-ray diffraction analyses indicated that the simulated PUREX and HM sludges are composed of non-silicate material, mainly sodium, iron and aluminum. The only crystalline phase found in the simulated PUREX sludge is nitratine, which is a mineral phase of sodium nitrate (See Figure 4. The SRTC prepared sludge measured low in aluminum and high in iron, manganese and nickel. The Russian simulant measured high in aluminum and manganese and low in iron and nickel. These differences may reflect the final free hydroxide concentration of the slurry. In the case of the SRTC preparation, the final free hydroxide concentration was perhaps higher, resulting in more aluminum dissolved in solution leaving less aluminum in the sludge solids. Conversely, the Russian preparation was low in hydroxide concentration, resulting in less aluminum in solution and more aluminum in the sludge solids. 2 provide a summary of the major elemental and radiochemical components measured in the Tank 8F and Tank 12H sludge solids. The measured elemental composition is consistent with SRS PUREX and HM sludges in that iron serves as the predominant element in the PUREX sludge and aluminum is the predominant element in the HM sludge. The PUREX sludge has a high uranium content, which is consistent with the common practice to add depleted uranium as a neutron poison for plutonium. Mercury content is much higher in the HM sludge, which is consistent with the use of mercury as a catalyst in dissolving aluminum cladding from the fuel rods. Table 4 .3.1 provides a summary of the conditions and results for the first set of dissolution tests with suspensions of the simulated PUREX and HM sludges. We conducted duplicate tests for the dissolution of PUREX and HM sludges at acid to sludge slurry ratios (v/w) of 2:1 and 50:1. For each test, we performed six separate contacts of the sludge sample with the acid solution. Note that the volume of the acid or caustic solution remained constant for each contact. Thus the acid:sludge ratio increases with each successive contact given that each contact removes some fraction of sludge. For the HM sludge tests, we contacted the sludge three times with 2M caustic solution prior to contacting with the acid solution at the 2:1 v/w ratio. We did not perform the caustic leaching with the HM sludge prior to contacting at a 50:1 v/w ratio.
Set #1 Test Results with Simulated Sludge
At the 2:1 ratio of acid to sludge, we measured the dissolution of both the PUREX and HM sludge solids at 73 wt %. Previously, the Russian team reported 97.8 % -99.7 % dissolution of the PUREX sludge after 6 contacts and 99.9 -100 % dissolution of the HM sludge after 5 contacts. These results suggest that the SRTC-prepared simulants contain a much higher fraction of recalcitrant solids (e.g., boehmite versus gibbsite) compared to that in the Russian-prepared materials. Increased sludge solids dissolution occurred with the 50:1 acid to sludge ratio with the SRS prepared sludge simulants. For the PUREX sludge, we measured >99 wt % dissolution and 93 -94 wt % dissolution of the HM sludge solids. The total metals concentrations in the 2 nd through the 5 th contacts were similar and measured much smaller than the 1 st contact. Overall, the quantity of PUREX sludge solids dissolved in the 50:1 tests measured about 25% higher than that in the 2:1 tests (see Table 4 .3.1).
Three contacts of the HM sludge slurry with 2 M sodium hydroxide at a 2:1 volume ratio heated to 60 °C resulted in an average dissolution of 56 wt % of the aluminum (see Table  4 .3.1). This value agrees well with that reported by the Russian team upon caustic treatment of simulated SRS sludges. 6 Complete dissolution of the aluminum would not be expected at the leaching conditions employed in these tests due to the presence of boehmite in the sludge. Infrared spectroscopy indicated that boehmite was the predominant aluminum phase in the simulated sludge. Dissolution of boehmite requires more rigorous conditions (e.g., higher NaOH concentration and higher temperatures). 7 The presence of boehmite in the simulated sludge after caustic and acid contacts was confirmed by X-ray diffraction of the post-contact solids (see The dissolution of the sludge components, principally aluminum, decreased with successive contacts of the caustic solution (see Figure 4 .3.4). The concentrations of other metals (e.g., iron, manganese and nickel) proved very low in the caustic solutions indicating little, if any, dissolution of these metals. The caustic solutions did contain appreciable amounts of sodium principally from the sodium salts that are present in the sludge slurries. and final contact. This trend is in contrast to that observed with the simulated PUREX waste, which increased steadily through the first 3 contact and then decreased with later contacts. Note also that the total metals concentrations in each of the contacts with the HM sludge are as large as or larger than those measured with the PUREX sludge even though the oxalic/citric acid mixture used in the HM sludge tests contains one-third the acid concentration used in the PUREX tests. This trend suggests that the HM sludge solids remaining after caustic leaching dissolve more readily than those in the PUREX sludge simulant. Note that the measured metals concentration did not agree particularly well for the 5 th and 6 th contacts. In one of the duplicates, the metals concentrations in the 5 th and 6 th tests rise sharply compared to the 4 th contact result. We do not have an explanation for the wide variance in the concentrations for these contacts. Through the first six contacts with the oxalic/citric acid mixture, the metals dissolution remained relatively constant. With the seventh contact, the quantities of dissolved aluminum and iron increased significantly. We observed a similar trend for the tests with 4 wt % oxalic acid solution with smaller increases aluminum and iron dissolution in the 6 th contact. In contrast to the oxalic/citric acid mixture, manganese dissolution showed a very large increase in the 6 th contact with 4 wt % oxalic acid. In general, the quantity of metal dissolved was lower in the 4 wt % oxalic acid solution compared to the oxalic/citric acid mixture even though the oxalic acid concentration is a factor of 1.6 times greater than that of the oxalic/citric acid mixture.
The cumulative quantity of Mn dissolved was the same for both acid solutions. The cumulative total metal dissolved in the oxalic and citric mixture follows the expected trend (Fe > Al > Ni > Mn) based on the initial concentration of the metal in the PUREX sludge and the stability constants for metal oxalate complexes. Also, almost all of the iron dissolved in the 1 st contact with the oxalic/citric acid mixture compared to about 80% dissolution in oxalic acid. This result suggests that the oxalic/citric acid mixture is more efficient (i.e., degree of sludge dissolved per quantity of acid added) in the dissolution of iron than 4 wt % oxalic acid.
Dissolution of Al continued in the 2 nd and later contacts with oxalic acid tests until complete dissolution of the aluminum occurred after the 4 th contact. We were unable to measure Al dissolution after the 1 st contact with the oxalic/citric acid mixture. Note that we could not determine the extent of nickel dissolution after the first contact due to contamination from nickel in the stainless steel vessels used in the preparing the samples for analysis. Tables 4.4 .5 and 4.4.6 provide the results for the contacts of the simulated HM sludge at 2:1 volume ratios of sludge to acid for the oxalic/citric acid mixture and 4 wt % oxalic acid mixture, respectively. The largest fraction of Al dissolved in the 1 st contact. Overall, the metals dissolution followed the order Ni > Mn > Fe > Al in the oxalic/citric acid mixture. In oxalic acid, the metals dissolution followed the order Ni > Mn > Al, Fe. Thus, the observed cumulative dissolution follow in reverse order to that in the simulated HM sludge, Al > Fe > Mn > Ni. Tables 4.4 .7 and 4.4.8 provide the dissolution results for the simulated HM sludge at the 50:1 acid to sludge ratio for the oxalic/citric acid mixture and 4 wt % oxalic acid solutions, respectively. As measured in the tests with the simulated PUREX sludge with 50:1 acid to sludge contacts, metals dissolution is highest in the 1 st contact and decreases thereafter. In contrast to the results with the PUREX sludge, higher cumulative metals dissolution occurred with the 4 wt % oxalic acid compared to the oxalic/citric acid mixture. Considering the cumulative metals dissolution of the simulated HM sludge, we conclude that 4 wt % oxalic acid proved more efficient than the oxalic/citric acid mixture in this series of tests. Table 4 .1.1).
The cumulative molar ratios for Al, Fe and Mn from the dissolution of the PUREX sludge are similar to those in the original sludge simulant. This suggests that over the course of seven contacts the metals in this simulated sludge dissolve in proportion to the respective concentrations in the sludge solids. The higher mole ratio for dissolved Mn in the tests with the oxalic/citric acid mixture compared to oxalic acid suggests that the addition of citric acid provides additional complexation of the manganese resulting in the greater dissolution compared to an acid solution that contains only oxalic acid. 
Results with Radioactive HLW Sludge Samples
The final set of tests evaluated the dissolution of archived sludge samples from SRS Tanks 8F and 12H. The Tank 8F sample is a sludge produced from PUREX processing, whereas the 12H sample is a sludge produced from HM processing. These samples have been stored for a number of years in a dry state. Because of the dry storage, these materials may present more of a challenge for dissolution than typical sludge materials that are maintained in a wetted condition.
We performed duplicate tests with each sludge sample (Tank 8F and Tank 12H) and each acid solution (4 wt % oxalic acid and oxalic/citric acid mixture). We contacted each sample a total of four times with the acid solution. However, due to budget limitations we analyzed only the solutions isolated from the first 2 contacts. Table 4 .5.1 provides a summary of the average calculated base and acid equivalents and the ratio of acid:base in each of the dissolution tests. We calculated the total base equivalents from the elemental composition provided in Table 4 .2.1 assuming aluminum and iron contribute three base equivalents per mole, manganese, nickel and uranium contribute two based equivalents per mole, plutonium contributes four base equivalents per mole and that sodium contributes one base equivalent per mole. The acid equivalent is calculated for a single contact.
For the 2:1 tests, the equivalents of acid added for the first contact is less than 7% of the calculated total base equivalents. For the 50:1 tests the acid equivalents is much higher ranging from 16% to 160%. On average the amount of acid added per contact with the oxalic acid solution is 4.4 times greater than the oxalic/citric acid mixture and 2.3 times greater for the PUREX tests than the HM tests.
Tables 4.5.2 and 4.5.3 provide the total quantity of elements (Al, Fe, Mn, Ni, Na, U and Pu) dissolved for the HM and PUREX sludge samples calculated on a weight percent and mole percent basis, respectively. Dissolution of the HM sludge sample proved low with both acids and at both acid:sludge ratios. We attribute the overall low dissolution of the sample to the high aluminum content (35.1 wt %) in the HM sludge. Previous studies reported that oxalic acid is not particularly effective in dissolving aluminum oxide phases. 9, 10 In general sludge dissolution proved higher with the mixed oxalic/citric acid solution than 4 wt % oxalic acid solution in spite of the lower total acid equivalents added. We attribute this trend to citrate serving as a more effective complexing agent and, thereby, solubilizing more metal ions than oxalate. We observed little difference (OA/CA mixture) or lower dissolution (OA) in the quantity of sludge dissolved at the two different acid:sludge ratios. One would expect more dissolution to occur at the higher 50:1 ratio compared to the 2:1 ratio. This result suggests the bulk of the elements in the HM sludge sample are present in more recalcitrant phases that are not effectively dissolved by either oxalic or oxalic/citric acid solutions. Dissolution of the PUREX sludge sample proved much higher than that measured with the HM sludge sample. These results are consistent with the solubilities of the primary components in the respective sludges (aluminum in the HM sludge and iron in the PUREX sludge). Iron oxalate exhibits a higher solubility than aluminum oxalate in acidic solutions. The bulk of the PUREX sludge dissolution occurred in the first contact. At the 2:1 ratio about 70% of sludge that dissolved did so in the first contact. At the 50:1 ratio this increased to more than 95%. There was no statistically significant difference in the quantity of sludge dissolved with oxalic acid or the oxalic/citric acid mixture. In contrast to the HM sample, the PUREX sample contains a high concentration of uranium (14.2 wt %). The uranium present in this sample appears to readily dissolve in either acid.
With the exception of the 2:1 contact with the HM sludge sample, the dissolution of the sludge solids was very similar between the 4 wt % oxalic solution (0.4 M) and the more dilute mixed acid solutions of oxalic acid (0.056 -0.167 M) and citric acid (0.024 -0.071M). This finding suggests that the combination of oxalic and citric acids provides a more efficient dissolution media for both HM and PUREX sludges than that of oxalic acid alone. The more efficient dissolution is attributed to increased complexation due to citrate since the total available acid concentration in the oxalic citric acid solutions ranged from 0.184 M (HM test) to 0.547 M (PUREX test) in the mixed acid solutions and 0.800 M for the oxalic acid solution. Both oxalate and citrate form metal complexes with a variety of metals including aluminum, iron, manganese and nickel. Increased complexation of these metals is consistent with the higher stability constants reported in the literature for citrate complexes compared to those of oxalate. 8 Tables 4.5.4 and 4.5.5 provides the individual and cumulative normalized mole quantities of sludge for Al, Fe, Mn, Ni, Na and U (PUREX only) for the Tank 12H and Tank 7F samples, respectively. We also include the normalized mole quantities in the dried sludge samples before contact with the acid solutions. We chose to normalize with nickel since this element proved the lowest of the elements in both the HM and PUREX sludge samples. Also, nickel dissolution was generally less than that of the other elements. Plutonium is a minor component in both sludge samples on a mass basis and, thus, we omitted this element from this calculation (discussed later). Comparison of the normalized concentrations in the acid dissolutions to that in the original sludge sample provides an indication of the propensity of that metal to dissolve relative to the other metals.
In oxalic acid we observed greater dissolution of Al, Fe, Mn and Na than that of Ni. At both acid:sludge ratios Na dissolution proved much greater relative to Ni than any of the other metals (see Table 4 .5.4). Note however, that the ratio of dissolved Al:Ni is much lower than that in the original sample. The behavior of Al is consistent with previous studies that indicate low dissolution of Al in oxalic acid. 9, 10 Greater Na dissolution occurred even in the presence of 14 times more Al than Na. We attribute the relatively high Na dissolution to the dissolution of dried sodium salts in the samples. Overall much greater dissolution of metals occurred at the higher acid:sludge ratio. Note that ratios of Fe, Mn and Na are much lower in the acid solution from the second contact compared to the first contact for the 50:1 tests. We believe this finding reflects depletion of these metals in the remaining solids after the first contact.
In the oxalic/citric acids mixture we observed that the normalized ratios of Fe and Mn are similar to that in the original sludge sample. The ratios of Fe:Ni in the 2:1 tests are lower than that in the original sludge sample. We attribute these results to similar propensity of the acid to dissolve these elements principally due to the presence of citrate that forms strong complexes with these metals. 8 The somewhat reduced dissolution of Fe in the 2:1 tests may reflect a lower acid content compared to that in the 50:1 tests (see Table 4 .5.1). We observed high Na:Ni ratios in the acid solutions. As in the case with oxalic acid, we believe the high Na:Ni ratios reflect dissolution of sodium salts.
We observed relatively low dissolution of Al, Fe, Mn in the first contacts of the PUREX sludge sample with either oxalic or the oxalic/citric acids mixture at the 2:1 ratio (see Table  4 .5.5). At the 50:1 ratios, Al, Fe and Mn exhibit much higher normalized values indicating relatively greater dissolution of these elements compared to nickel. The reduced dissolution of Al, Fe and Mn in the 2:1 tests may reflect a lower acid content compared to that in the 50:1 tests (see Table 4 .5.1).
As in the case with the HM sludge sample, we observed high Na:Ni ratios in all of the dissolution tests. In the 50:1 tests, the Na:Ni ratios in the second contacts of the 50:1 tests with either acid are much lower than those measured in the first contact. These findings reflect the dissolution of sodium salts in the dried sludge solids.
The PUREX sludge sample contains almost equivalent quantities of uranium and nickel on a mole basis. With the exception of the 50:1 tests with the oxalic acid and the oxalic/citric acids mixture, the ratios of U:Ni in the acid solutions reflect greater relative dissolution of the uranium. The U:Ni ratios for the first contacts in both acid solutions and both acid:sludge ratios are similar. Thus, we conclude that the uranium in this sample readily dissolves in both acid solutions. This is not unexpected since uranium forms a variety of stable complexes with oxalate under acidic conditions. 8, 11 Uranium and plutonium dissolution in the acid solution is important for nuclear criticality safety. Criticality safety is assured in the high level waste tanks due to the low concentration of fissile isotopes and high concentration of neutron poisons in the sludge solids. Note that in PUREX sludges, depleted uranium (DU) serves as a neutron poison in addition to the other metals (e.g., Fe). Ideally, dissolution of uranium and plutonium occurs in the same molar ratios as that of the neutron poisons to prevent concentration of fissile isotopes either in the acid solutions or in the residual sludge solids. However, the neutron poisons and fissile isotopes (chiefly 233 U, 235 U and 239 Pu) exhibit different solubilities. Consequently the ratios of neutron poisons to fissile isotopes will change upon dissolution. Tables 4.5 .6 and 4.5.7 provide the measured quantities of dissolved uranium and plutonium for the Tank 12H (HM) and 8F (PUREX) samples, respectively. We also include the mole ratios of uranium and plutonium to nickel as previously reported for Al, Fe, Mn, Ni and Na. Uranium and plutonium content in the HM sludge sample measured 3.32E-02 + 2.34E-03 wt % and 6.62E-02 + 5.02E-04 wt %, respectively. The PUREX sludge sample measured much higher in uranium (14.2 + 0.842 wt %), but lower in plutonium (4.51E-03 + 3.11E-05 wt %) than the HM sludge sample. The average mole ratios of uranium and plutonium to nickel measured 1.81E-02 (U:Ni) and 3.59E-02 (Pu:Ni) for the HM sludge sample and 1.07 (U:Ni) and 3.38E-04 (Pu:Ni) in the PUREX sludge sample. The much lower Pu:Ni ratio in the PUREX sample (3.38E-04) compared to the HM sample (3.59E-02) reflects almost order of magnitude lower plutonium and higher nickel concentrations in the PUREX sample compared to the HM sample.
In general the average quantity of uranium that dissolved from the HM sludge sample increased slightly in the oxalic/citric acid mixture compared to oxalic acid at the same acid:sludge ratio. We also found that the U:Ni mole ratio measured higher in all of the acid solutions compared to that in the initial sludge sample. These results suggest that uranium in the HM sludge sample readily dissolves in either acid and that citrate has a small positive effect on uranium dissolution.
Plutonium dissolution from the HM sludge sample proved low in both acids at the 2:1 acid:sludge ratio. However, at the 50:1 ratio in the oxalic/citric acid mixture, all of the plutonium dissolved after two contacts. We lack ICP-MS data for the 50:1 tests in oxalic acid to determine the extent of plutonium dissolution in this acid solution. There was no consistent trend between the extent of plutonium dissolution and acid solution composition. Also, with the exception of the 2 nd contacts for the 2:1 acid:sludge tests, the mole ratios of Pu:Ni fell below that originally present in the HM sludge sample. Thus, we conclude that plutonium will dissolve in both acids, but that citrate does not exhibit a solubilizing effect on plutonium under the tested conditions. Significant fractions of uranium and plutonium dissolved in both acids and increased at the higher sludge:acid ratio in the PUREX sludge sample. Test results indicated higher U:Ni and Pu:Ni mole ratios in both acids at either acid:sludge ratios. Note that the PUREX sludge sample contained about 8 times less plutonium and about 8 times more nickel than the HM sludge sample. From these results we conclude that both uranium and plutonium in the PUREX sludge sample readily dissolve in both acid solutions.
We also calculated the weight ratios of several neutron poisons, Al, Fe, Mn, Ni and Na, to equivalent 235 U for the respective sludge samples and each of the acid solution contacts. Tables 4.5.8 and 4.5.9 provide a compilation of these values for the Tank 12H (HM) and Tank 8F (PUREX) sludge samples, respectively. The weight ratios for the HM sludge sample prior to acid dissolution range from a low of 55.7 + 0.983 for Ni to a high of 322 + 8.01 for Fe. For the PUREX sample we measured weight ratios ranging from a low of 20.7 + 2.31 for Ni to a high of 1600 + 145 for Al.
Dissolution of the HM sludge sample in 4 wt % oxalic acid at 2:1 and 50:1 acid:sludge ratio resulted in solutions with lower weight ratios compared to the sludge sample for Al, Fe, Mn, Ni and Na with the exception of the 2 nd contact in the 2:1 test, which remained unchanged within the measured experimental variance. Unfortunately, we do not have data on the weight ratios for the 1 st contact in the 50:1 tests with oxalic acid to compare the influence of the higher acid ratio. From the elemental analytical results, over twice as much of the sludge dissolved in the 1 st contact, but only half as much in the 2 nd contact of the 50:1 tests compared to that in the 2:1 tests. Thus, the same trend in weight ratios for the 1 st contact in the 50:1 test may not necessarily follow that in the 2:1 tests. From these results we conclude that the residual sludge solids after contact with oxalic acid are not concentrating in fissile isotopes relative to the available neutron poisons such as Al, Fe, Mn and Ni.
Dissolution of the HM sludge sample in the oxalic/citric acid mixture at 2:1 and 50:1 acid:sludge ratios generally resulted in solutions with lower weight ratios for Al, Fe, Mn, and Ni and higher weight ratios for Na compared to the sludge sample. In the 2:1 tests, the weight ratios were well over a magnitude lower for both Al and Fe. In the 50:1 tests the 1 st contact and cumulative weight ratios for Al measured more than a magnitude lower. The weight ratios for Mn and Na in the oxalic/citric acid mixture in the 50:1 ratio tests remained unchanged compared to the original sludge sample. We also observed unchanged ratios for the 2 nd contact solutions for Fe and Ni. From these results we conclude that the residual sludge solids after contact with oxalic and citric acid are not concentrated in fissile isotopes relative to the available neutron poisons such as Al, Fe, Mn and Ni. In general the acid solutions produced from the 50:1 contacts have weight ratios more similar to that in the original sludge sample compared to those produced at the lower 2:1 acid:sludge ratio. Thus, the oxalic/citric acid mixture provides a more homogeneous dissolution of the sludge than oxalic acid alone.
We observed similar trends in the weight ratios for the PUREX sludge sample compared to that for the HM sludge sample upon dissolution in oxalic and oxalic/citric acid solutions. In oxalic acid, the weight ratios for Al, Fe, Mn and Ni decreased in both the 2:1 and 50:1 tests with the exception of the Al ratio in the 50:1 test which remained unchanged. Weight ratios for Al measured more than one order of magnitude lower in the 1 st contact and for Fe in the 1 st and 2 nd contacts with oxalic acid. Weight ratios for Na increased in the 1 st contact and remained unchanged in the 2 nd contact with a 2:1 acid:sludge ratio.
With the exception of Na and Al in the 50:1 tests, all of the weight ratios in the acid solutions decreased in the 2:1 and 50:1 tests with the PUREX sludge sample and the oxalic/citric acid mixture. In the 2:1 tests, the weight ratios of Na increased versus that in the original sludge and remained unchanged in the 50:1 tests. Weight ratios for Fe in the 2:1 tests the oxalic/citric acid mixture were more than two orders of magnitude lower that of the original sludge sample indicating rather low dissolution of iron in these tests. From these results we conclude that the residual sludge solids, after contact with oxalic and citric acid, are not concentrated in fissile isotopes relative to the available neutron poisons such as Al, Fe, Mn and Ni. In general the solutions produced from the 2:1 and 50:1 contacts in both acid solutions have very similar ratios. Thus, we conclude that there is no evidence that either acid is better in homogeneously dissolving the PUREX sludge sample. 12, 13 and also to clean out of the reactor heat exchanger system.
14 Oxalic acid is successful in these types of processes because it is a sufficiently strong and oxidizing acid that is able to dissolve iron oxides and corrode steel. These reactions tend to dislodge scale that might adhere to the surface and thus successfully decontaminate the surface.
The corrosion of iron in oxalic acid has also been investigated for many years. 15 The anodic reactions are reported to be:
The cathodic reaction is the reduction of hydrogen ion to hydrogen gas. Two other reactions occur that impact the corrosion rate.
The ferric oxalate anion from equation 3 is soluble and is recognizable by its lime green color in solution. This anion decomposes photocatalytically over a period of days per equation 4, depending on the radiation intensity in the visible range. Consequently, a ferrous oxalate complex precipitates on the surface of the steel and markedly depresses the iron corrosion rate and passivates the steel. Thus, if ferric oxalate is not present near the surface, or there is not enough light, the process of passivation will be hindered. The corrosion is typically uniform (i.e., no pitting) due to this film. Therefore, if contact time between the acid and the steel is not excessively prolonged, corrosion will not be significant.
On the other hand, the precipitation of these salts reduces the effective cleaning power of the oxalic acid. 16 In order to maintain the cleaning power, the acid could be refreshed and consequently the corrosion process would also be renewed. Tests have shown that if the acid is refreshed daily, less of the film forms and the corrosion rate approximately doubles. 12 Thus when utilizing oxalic in chemical cleaning operations a balance between effective cleaning and minimizing corrosion must be achieved.
Citric Acid
Citric acid is not typically utilized by itself in chemical cleaning operations primarily because it does not effectively dissolve metal oxides. 17 However, because the citric acid is able to complex with metal cations to form chelates, it has been utilized in combination with other acids. When a metal ion is chelated by citric acid, it remains in solution and is unable to react further. Thus, as Fe 2+ and Fe 3+ cations are produced by the corrosion reaction in the acidic solution, they are captured by the citric acid ligand and prevented from forming oxides or other insoluble complexes on the surface of the metal. These insoluble complexes typically inhibit corrosion and therefore corrosion rates in citric acid alone would likely be greater than that for an acid that formed an oxide.
Oxalic + Citric Acid
A combination of organic acids is frequently utilized in a chemical cleaning process. 18 One such combination is oxalic and citric acid. The oxalic acid is effective for dissolution of the metal oxides, while the citric acid reduces the amount of ferrous oxalate precipitates that form on the surface of the metal. This competition for the metal cations therefore maintains the effective cleaning power of the oxalic acid. However, because fewer of the metal ions are available to form the protective film, the metal will corrode at a faster rate. Thus, optimizing the concentrations of the acids and the temperature of the cleaning process such that the cleaning power is maximized, while the corrosion rate is minimized, has been the goal of much of the research.
Review of Experimentally Determined Corrosion Rates
A review was performed of the experimentally determined corrosion rates for oxalic acid, citric acid, and a combination of oxalic and citric acids. The important variables impacting the corrosion rate were acid concentration, carbon content of the metal, temperature and length of exposure. Each of these variables is discussed below. Table 4 .6.2.1 shows corrosion rate data for carbon steel in oxalic acid under various environmental conditions. Reference 12 data was collected from coupon tests that were performed at SRS in order to provide the technical basis for chemical cleaning of Tank 16H. Reference 14 data was collected from coupon tests that were performed at SRS in support of cleaning of the reactor heat exchangers. Reference 1 data was collected from a recent Russian investigation on the effectiveness of oxalic acid cleaning of sludge. References 9 and 10 were from separate coupon studies performed at Pacific Northwest National Laboratory that were related to the clean-out of high level waste tanks at West Valley. Reference 11 data was collected from a journal article written by a group from Egypt that performed electrochemical tests to determine among other things the influence of carbon content in the metal on the corrosion rate.
Oxalic Acid
Several observations can be made with regard to the corrosion rate data.
-The corrosion rate decreases as the concentration of oxalic acid increases. This observation is probably related to the limited amount of ferrous oxalate forms and is available to adsorb to the metal surface at the lower acid concentrations. -There appears to be a concentration of oxalic acid (between 0.2 to 0.45 M) at which further increase in the concentration does not retard the corrosion rate any further. This observation may be related to the possibility that the available cathodic sites to which the ferrous oxide may attach have become saturated. -Temperature has a strong effect on the corrosion rate. The corrosion rate appears to be at a maximum at a temperature of 50 °C. -The corrosion rate in general increases due to agitation. The agitation is expected to increase the diffusion of reactants through the ferrous oxalate layer and hence increase the corrosion rate. However, the data in reference 20 suggests contrary behavior. The author was unable to explain this behavior. -The corrosion rate is a maximum at a carbon concentration in the metal of approximately 0.5 wt.%. This correlates with a maximum in the area of the Fe 3 C phase (cathodic sites) at approximately 0.6 wt.% carbon.
In the past, SRS has performed chemical cleaning of sludge with solutions that were less than 0.9 M and at temperatures of approximately 85 °C. The contact times were limited to less than 2 weeks. Since the acid was refreshed and stirred during the operation, the corrosion rate would be expected to be approximately double the rate shown for Reference 12. Therefore, the metal loss during this cleaning process was likely on the order of 2 -3 E-05 inches per hour. Several observations can be made in regard to the corrosion rate data.
-The rate of corrosion is 2 to 3 times greater in citric acid than in oxalic acid. This increase was expected due to the lack of an insoluble complex (oxide or oxalate) on the metal surface. -The effect of temperature on the corrosion rate appears to be greater for citric acid than for oxalic acid. An increase in temperature will significantly increase the corrosion rate. -Flowing water provides a means by which the solution may be refreshed and agitated.
The result is relatively high corrosion rates. The corrosion rates shown in Table  4 .6.2.2 are equivalent to 3 to 4 inches per year. Or, if this process were allowed to occur for 2 weeks it is estimated that approximately 0.14 inches (16% of the wall thickness) of the metal could be lost. Table 4 .6.2.3 shows corrosion rate data for carbon steel in a combination of oxalic and citric acid under various environmental conditions. Reference 1 data was collected from a recent Russian investigation on the effectiveness of oxalic and citric acid cleaning of sludge. Reference 16 data was collected from coupon tests that were examining the corrosiveness of mixtures of organic acids on carbon steel. Reference 12 data was collected from coupon tests performed at SRS that were examining the corrosiveness of a proprietary decontamination solution on carbon steel. The solution was a blend of oxalic, citric, and tartaric acids along with a corrosion inhibitor and surfactants.
Several observations can be made in regard to the corrosion rate data.
-The results of the tests performed in flowing water indicate that as the oxalic acid concentration is increased relative to the citric acid concentration, the corrosion rate decreased. The formation of the ferrous oxalate film is likely responsible for the inhibition at higher oxalic acid concentrations. -There is good agreement between the corrosion rate data reported in References 12 and 19. Unfortunately a complete comparison cannot be made since the composition of the solution in Reference 12 is unknown and the solution also contains other constituents. -The data in Reference 12 suggests that the corrosion rates for the oxalic/citric acid mixture are slightly less than those for oxalic acid. Therefore, the metal loss due to corrosion would be expected to be on the same order of magnitude as that for the oxalic acid. -At a constant concentration, the corrosion rate appears to strongly increase with temperature. This result is similar to that for the citric acid. The exception appears to be the flowing water tests where the scatter in the data does not allow for conclusions to be drawn. -Given that the chemical cleaning process will involve some degree of agitation, it would be beneficial to be able to compare the corrosion results from bench scale sludge dissolution tests with the oxalic acid versus those with the oxalic/citric acid mixture. Although Reference 12 suggests that coupons were immersed during bench scale tests, metal loss from the coupon was not determined. 
CONCLUSIONS AND RECOMMENDATIONS
Testing results showed the following:
• Unlike the previous Russian testing six sequential contacts of a mixture of oxalic acid citric acids at a 2:1 volume ratio of acid to sludge did not produce complete dissolution of simulated HM and PUREX sludges.
• We observed that increased sludge dissolution occurred at a higher acid to sludge volume ratio, 50:1, compared to the recommended ratio of 2:1.
• Dissolution of HLW sludges in oxalic and oxalic/citric acid mixtures produced residual sludge solids that measured higher neutron poison to equivalent 235 U weight ratios than that in the untreated sludge solids. This finding suggests that residual solids do not present an increased nuclear criticality safety risk.
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